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1. OVERVIEW

The objectives of the project were to develop experimental techniques for
characterizing the transport and hot carrier phenomena in advanced MOSFETs, to investigate
the limits of gate oxide scaling, to develop engineering models for the relevant physical
effects, and to incorporate the results in device simulators and in MOSFET models for circuit
simulations. All the objectives have been met.

A new experimental technique for studying hot carrier phenomena in semiconductors
subjected to high electric fields was successfully developed. The method involves the
generation of a high field strength terahertz (THz) electromagnetic pulse using femtosecond
laser electro-optical techniques. This pulse is focused in a doped semiconductor sample and
the transmitted and reflected fields are characterized. Carriers in the semiconductor are
accelerated by the incident electric field pulse and if the field is sufficiently strong, the carrier
distribution is significantly heated. In this event, the sample exhibits a nonlinear response to
the applied field, which is clearly manifested in the transmitted and reflected fields. In order
to successfully implement this method, new methods for generating strong THz fields were
developed. The propagation of ultrashort THz pulses was carefully studied including the
temporal and spatial details of the field distribution produced at the focus in the sample.
Sensitive electro-optic detection techniques were also developed for use in these
characterization studies as well as for the actual semiconductor experiments. What we
observed in the experiments is a change in the shape of the THz absorption spectrum of n-
doped GaAs as the THz field strength is increased. The effect is strongest at frequencies
above 1 THz. Extensive simulations of the experiment were carried out, and there is at least
a qualitative agreement between the simulations and the observations.

Using electrical measurements and advanced MOSFET technologies, we have studied
the electron and hole mobilities in inversion layers over a wide range of oxide thicknesses
and substrate doping concentrations including those expected for MOSFETSs with 0.1um and
shorter channel lengths. We developed a model to predict the carrier mobilities for any given
oxide thickness, threshold voltage and gate voltage. This directly challenges the
conventional wisdom that holds that inversion layer mobilities are quite variable and
unpredictable. This mobility model is used in a new model for circuit simulation, BSIM3v3,
which has found instant success with the IC industry. It has been chosen by Sematech as the
first industry standard model for circuit simulation and selected as an R&D 100 Award
winner. The model has been transferred to hundreds of semiconductor companies. Other
research results have also been incorporated into BSIM3 as described below. Some day,
almost all the IC’s in the world may be designed using this MOSFET model.

The velocity overshoot phenomenon in the inversion layer was studied by using the
thick-gate uniform channel field MOS transistor. Using devices with sub-100nm channel
lengths, we performed an extensive investigation of ballistic transport in inversion layer
under uniform field condition. We experimentally studied the effects of a wide range of




parameters on the high-field transport of inversion layer electrons and holes. Our findings
pointed to significant electron velocity overshoot at room temperature, dependence of the
high-field drift velocity and velocity overshoot on the effective vertical field, and relative
insensitivity of electron and hole mobility and velocity overshoot to moderate surface
roughness. Our results were the most direct, comprehensive, and quantitative to date. The
new quantitative data were used to calibrate a commercial device simulator, MEDICIL. The
calibrated simulator was further used to predict the impact of velocity overshoot on future
MOSFETs. 20% current improvements are predicted for 0.1um MOSFETSs. An analytical
model of MOSFET IV characteristics including velocity overshoot has been developed and
may be incorporated in future BSIM MOSFET models.

We proposed that the impact of inversion layer quantization on MOSFET
characteristics can be represented by an effective thickness of the inversion charge layer and
that the layer thickness is a unique function of V,, V,, and Tox. We have successfully
determined this function, an analytical expression, that predicts the charge layer thickness
with no more than Vg, Vi, and Tox as inputs. This models has been verified against self-
consistent solutions of the Schrodinger equation and Poison equation for 15 different
MOSFET technologies. A new version of BSIM3 with a CV model based on this research
was released in December 1997. ’

MOSFET gate oxide scaling limits were investigated with respect to time-dependent
breakdown, defects, plasma process damage, mobility degradation, poly-gate depletion,
inversion layer thickness, tunneling leakage, charge trapping, and gate delay. It was
projected that the operating field will stay around SMV/cm for reliability and optimum speed.
Tunneling leakage prevents scaling below 2nm, which is sufficient for MOSFET scaling to
0.05um.
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